Background and Purpose-Inflammatory biomarkers predict incident and recurrent cardiac events, but their relationship to stroke prognosis is uncertain. We hypothesized that high-sensitivity C-reactive protein (hsCRP) predicts recurrent ischemic stroke after recent lacunar stroke. Methods-Levels of Inflammatory Markers in the Treatment of Stroke (LIMITS) was an international, multicenter, prospective ancillary biomarker study nested within Secondary Prevention of Small Subcortical Strokes (SPS3), a phase III trial in patients with recent lacunar stroke. Patients were assigned in factorial design to aspirin versus aspirin plus clopidogrel, and higher versus lower blood pressure targets. Patients had blood samples collected at enrollment and hsCRP measured using nephelometry at a central laboratory. Cox proportional hazard models were used to calculate hazard ratios (HRs) and 95% confidence intervals (95% CIs) for recurrence risks before and after adjusting for demographics, comorbidities, and statin use. 
B
asic and clinical studies provide evidence that inflammation plays a major role in atherosclerosis and cardiovascular disease, 1 but relatively little information is available on serum markers of inflammation as indicators of prognosis after stroke. 2 Clinical studies suggest, moreover, that some antiplatelet agents and statins reduce the levels of inflammatory markers, and that the efficacy of these treatments in preventing cardiac disease may be predicted by these levels. [3] [4] [5] There have been few major multicenter studies of inflammatory markers in predicting outcomes after stroke and no studies of the role of these markers in choosing antiplatelet therapies.
Lacunes, or small subcortical strokes, comprise ≈25% of brain infarcts, are especially frequent in Latinos and other US minorities, and are the most common cause of vascular dementia. [6] [7] [8] [9] Although infrequently fatal, lacunes are associated with a high risk of recurrence and cognitive impairment. The rate of recurrence among patients with lacunar stroke is ≈8% per year, slightly higher than other stroke subtypes.
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About 70% of recurrences in these patients are also lacunes, supporting a distinctive pathomechanism. The major risk factors for lacunar stroke are age, hypertension, and diabetes mellitus. About 70% to 80% of patients have hypertension, and ≈30% have diabetes mellitus. [14] [15] [16] Other potential risk factors include smoking, silent brain infarcts, and white matter hyperintensities on MRI. [17] [18] [19] Stroke risk factors were absent in 18% of patients in 1 large autopsy study. 20 In the Northern Manhattan Stroke Study, the prevalence of hypertension, diabetes mellitus, smoking, and hypercholesterolemia did not differ between those with lacunar and nonlacunar stroke. 21 Inflammatory mechanisms have been associated with lacunes and their prognosis. A polymorphism of the interleukin-6 gene associated with increased inflammation was an independent risk factor for lacunar stroke in 1 study. 22 This same polymorphism was found to be associated with carotid artery intima-media thickness as well, providing evidence that polymorphisms related to inflammation may relate to both large vessel and small vessel disease. 23 Others have reported that patients with lacunar stroke with elevated tumor necrosis factor-α and intercellular adhesion molecule-1 levels were more likely to experience early neurological deterioration and poor outcome at 3 months. 24 In a case-control study, elevated Chlamydia pneumoniae antibody titers were associated with increased risk of lacunar stroke, as well as large vessel atherosclerotic stroke. 25 An association between leukocyte count and outcomes after stroke has also been found in those with lacunar stroke, as well as in other stroke subtypes. 26 These data support the hypothesis that inflammatory mechanisms contribute to the risk of lacunar disease and its prognosis.
In response to calls for data regarding the role of inflammation in stroke prognosis, 1,2 we designed a prospective observational study to test the hypothesis that inflammatory biomarkers predict recurrence after lacunar stroke. The study was nested within the ongoing Secondary Prevention of Small Subcortical Strokes (SPS3), the results of which have been published. 27, 28 The primary aim of the Levels of Inflammatory Markers in the Treatment of Stroke (LIMITS) study was to determine whether serum levels of high-sensitivity C-reactive protein (hsCRP) predict recurrent stroke and other vascular events among patients with a recent history of small artery ischemic stroke. A secondary aim was to determine whether hsCRP predicts which patients respond best to dual antiplatelet therapy.
Methods
Overall Plan
LIMITS was designed as an ancillary study to the SPS3 trial, and the methods for both have been described previously. 27, 29, 30 In brief, SPS3 was a multicenter, investigator-initiated, National Institutes of Health/National Institute of Neurological Disorders and Strokefunded phase III trial that focused on secondary prevention of stroke recurrence in patients with small vessel ischemic stroke, or lacunes. The study had a 2×2 factorial design, with 1 arm being a blinded comparison of monotherapy versus combination therapy of antiplatelet agents, and the other an open-label comparison of 2 targets of blood pressure control. Participants had a symptomatic lacune proven on MRI <6 months before randomization. Patients were assigned to 2 interventions: (1) antiplatelet therapy-aspirin (325 mg/day) monotherapy versus aspirin (325 mg/day) plus clopidogrel (75 mg/ day) combination therapy (double blind, placebo control); and (2) 2 levels of systolic blood pressure control-higher (130-149 mm Hg) versus lower (<130 mm Hg) targets. LIMITS involved the collection of plasma and serum samples at baseline and at 1 year (≈18 months) of follow-up during the study, and central storage and analysis of samples for inflammatory marker levels. Blood samples were drawn for LIMITS ≥3 weeks after stroke. Sites were required to have the capability to collect, process, and store blood samples at −80ºC. Of 84 sites participating in SPS3, 45 (54%) recruited patients into LIMITS (see Appendix for the list of investigators).
Inclusion and Exclusion Criteria
The population for this ancillary study consisted of patients enrolled into the SPS3 trial at sites participating in LIMITS. Patients with a clinical diagnosis of MRI-proven lacunar stroke, and absence of cortical or large subcortical stroke, carotid stenosis, or cardioembolic source, were eligible. All patients eligible for SPS3 were eligible for this ancillary study; there were no additional exclusion criteria. 27 LIMITS was approved by the Columbia University Medical Center institutional review board and by institutional review boards at all participating sites. Participants provided informed consent.
Blood Collection Kits, Phlebotomy, and Local Processing
Materials for collection and shipping of blood specimens were provided to participating sites. A 10-cc blood sample in EDTA and a 9.5-mL gel serum separator tube were drawn on the day of randomization, before initiation of therapy. Samples were centrifuged locally and aliquotted. Aliquots were frozen locally until shipping to the central laboratory at Columbia University.
Assays for hsCRP
Plasma samples were analyzed in batches blinded to treatment and outcome. hsCRP assays were performed using the Dade-Behring BN-II nephelometric assay system (Dade-Behring; Deerfield, IL), a US Food and Drug Administration-approved, national standard assay for this marker. 
Outcomes
Primary outcomes were recurrent ischemic stroke and the combined outcome of a major cardiovascular event (recurrent ischemic stroke, myocardial infarction [MI], or vascular death). Ischemic strokes were defined as a focal neurological deficit persisting for >24 hours and were ascertained via clinical evaluation and use of CT or MRI. Other vascular events were also defined as in the SPS3 trial. 27, 29 Additional analyses were performed for the outcome of ischemic or hemorrhagic stroke. Hemorrhagic strokes were defined as neurological deficits associated with intraparenchymal or subarachnoid hemorrhagic lesions confirmed by CT, MRI, or autopsy.
Statistical Analysis and Sample Size Calculations
Descriptive statistics were calculated and compared for patients in the ancillary LIMITS study and the parent trial, and levels of hsCRP were compared across different patient characteristics. An F-test was used to determine whether there were differences in CRP categories for continuous variables, a χ 2 test for nominal categorical variables, and Cochran-Mantel-Haenszel when categorical variables were ordinal.
For the analyses of primary outcomes, hsCRP values at baseline were considered the independent variable of primary interest. Levels of hsCRP were log-transformed to stabilize the variance. Cox proportional hazard regression was used to estimate the unadjusted hazard ratio for hsCRP with time-to-event for ischemic stroke as the dependent variable. Multivariable Cox proportional hazards regression was then used to estimate the adjusted hazard ratio for hsCRP after adjusting for additional potential risk factors, including age, sex, raceethnicity, region, and traditional stroke risk factors defined either dichotomously (hypertension, cardiac disease, diabetes mellitus, or smoking) or continuously (body mass index, high-density lipoprotein, or low-density lipoprotein). Because statin therapy may influence both levels of hsCRP and outcomes, analyses were also adjusted for statin use. Observations were censored at the time of last followup visit. Additional analyses used quartiles of hsCRP as independent variables, using those in the lowest quartile for each marker as the reference group. In addition, different ranges of standardized levels of risk have been recommended by consensus for primary prevention of cardiac disease: low, medium, and high (CRP <1, 1-3, and >3 mg/L, respectively). 1 There are no consensus levels to be used after stroke, but the results of small studies suggest that levels are higher after stroke. 31, 32 We, therefore, tested hsCRP <15 and >15 mg/L as prespecified thresholds.
A sample size of 1440 (57% of the initial planned total of 2500 patients to be enrolled in SPS3) was chosen based on feasibility, assuming that ≈40 enrolling centers would enroll ≥12 patients annually for 3 years. We computed the detectable hazard ratios based on a required power of 80% and a significance level of 0.05 for comparing the outcome rates in the first and fourth quartiles. Where possible, sample size calculations were based on the same assumptions used in the SPS3 trial (annual 7% rate of recurrent stroke and 10% rate of recurrent ischemic stroke, MI, or death). In addition, a 10% 3-year loss to follow-up was assumed. Because event rates in SPS3 were lower than expected, the sample size of the parent SPS3 trial was increased to 3000. 33 All hypothesis tests performed during analysis of the primary and secondary end points are 2 sided and use an α of 0.05.
Results
Characteristics of the LIMITS Cohort
A total of 1244 patients in SPS3 were enrolled in LIMITS. This represented 41% of the number of participants in the parent SPS3 trial. Participants enrolled in LIMITS were broadly representative of the population enrolled only in SPS3 ( Table 1) . The mean age of LIMITS participants was 63.3±10.8 years, and 63.4% were men. The race-ethnicity distribution differed in that a larger proportion of patients in LIMITS were Hispanic (40.6% in LIMITS versus 23.1% in SPS3-only patients), reflecting an increased number of participating sites from Spain and South America. Other significant differences between participants in LIMITS and SPS3-alone were, in the former, a slightly lower proportion of patients with diagnosed hyperlipidemia and current smoking, a slightly shorter time from qualifying stroke to randomization, and a slightly lower proportion already using aspirin at baseline ( Table 1) .
Levels of hsCRP in LIMITS Participants and Association With Patient Characteristics
Among the 1244 patients in LIMITS, median hsCRP was 2.16 mg/L (interquartile range, 0.93-4.86), which differed by age, sex, smoking, and low-density lipoprotein levels ( Table 2) . Median hsCRP among current smokers was 3.1 mg/L compared with 2.0 mg/L among both former and never smokers. Median time between stroke and LIMITS sample collection was 60 days (interquartile range, 34-105 days; mean, 75±52 days). hsCRP levels were inversely and weakly correlated with proximity to stroke date (r=−0.06; P=0.039).
Association of hsCRP With Outcomes
There were 83 recurrent ischemic strokes (including 45 lacunes), 16 hemorrhagic strokes, and 115 major vascular events (stroke, MI, and vascular death) among LIMITS participants during a median follow-up of 3 years.
Compared with the bottom quartile of hsCRP (<0.93 mg/L), those in the top quartile (≥4.86 mg/L) were at increased risk of recurrent ischemic stroke (unadjusted HR, 2.54; 95% CI, 1.30-4.96; Table 3 ). There was a trend toward an intermediate level of increased risk for those in the second and third quartiles, but these increased risks were not significantly elevated. The increased risk for those in the top quartile persisted after adjusting for age, sex, race, region, hypertension, smoking, previous history of stroke, diabetes mellitus, body mass index, and lipid levels (model 3 in Table 3 ) and remained elevated after further adjusting for statin use (adjusted HR, 2.32; 95% CI, 1.15-4.68). The risk of ischemic or hemorrhagic stroke was of similar magnitude (adjusted HR for those in the top quartile, 2.08; 95% CI, 1.11-3.89; Table 4 ). Approximately 70% of recurrent ischemic strokes were lacunes; there was no evidence of an independent, statistically significant predictive effect on lacunar stroke as an outcome, but the results for lacunar stroke were more generally consistent with the effect on ischemic stroke (adjusted HR, 2.27; 95% CI, 0.90-5.75).
hsCRP was associated with an increased risk of major vascular events as well (unadjusted HR for those in the top quartile compared with lowest, 2.14; 95% CI, 1.22-3.75). The results were similar after adjusting for demographics, risk factors, and baseline statin use (adjusted HR, 2.04; 95% CI, 1.14-3.67; Table 5 ).
Results were similar using clinically recommended hsCRP thresholds of high risk in primary prevention. Compared with those with hsCRP <1 mg/L, those with hsCRP >3 mg/L had ≈2-fold increase in the risk of ischemic stroke (adjusted HR, 2.16; 95% CI, 1.13-4.11; Table 3 ) and a 70% increase in the risk of major vascular events (adjusted HR, 1.72; 95% CI, 1.02-2.90; Table 5 ). Using a prespecified higher threshold (>15 mg/L), 31 there was no evidence of a difference of risk (Tables 3-5) . hsCRP assessed as a continuous measure was also not significantly associated with risk.
hsCRP Levels as a Predictor of the Effect of Antiplatelet and Blood Pressure Therapy
There was no interaction of randomized antiplatelet treatment or blood pressure target with hsCRP levels for stroke risk, indicating a lack of evidence for a differential effect of dual versus single antiplatelet therapy depending on the hsCRP level. Furthermore, there was no interaction of hsCRP with statin use at baseline.
Discussion
Our data provide evidence that hsCRP predicts the risk of recurrent ischemic stroke, total stroke, and major vascular events among patients with recent lacunar stroke. Patients with the highest levels of hsCRP measured in the subacute phase after lacunar stroke (median, 60 days) had more than twice the risk of recurrent ischemic stroke and approximately twice the risk of total stroke or a major vascular event. There was some evidence that hsCRP levels >1 mg/L and in the intermediate 2 quartiles were also associated with an approximate doubling of risk, although the increased risk at those levels was not statistically significant, and there was no definite evidence of a linear trend across quartiles. These findings
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provide indirect evidence that there may be a threshold effect at ≈1 mg/L, above which the risk is increased, rather than a continuous relationship between hsCRP and subsequent risk after stroke. This result is also confirmed by our findings of a significantly increased risk for hsCRP levels above the clinically recommended high-risk threshold of 3 mg/L, as well as the absence of an effect for the continuous measure of hsCRP. CRP is an acute phase reactant, a member of the pentraxin family of proteins, and part of the innate, nonspecific immune response. It is produced in the liver on stimulation by interleukin-6. The high-sensitivity assay for CRP has several features that make it ideal both as an epidemiological tool and for clinical purposes, including stability after freeze-thaw cycles, limited diurnal and seasonal variability, and ability to be measured in the nonfasting state.
1,2 Several studies have demonstrated its utility as a measure of future risk of atherosclerotic coronary artery disease, and these findings have been interpreted as a sign that inflammation may be an important contributor to future risk of cardiovascular disease. The fact that even relatively minimal elevations, within the range of hsCRP traditionally considered to be normal (ie, <10 mg/L), have been interpreted to mean that even minor inflammation, perhaps related to or because of low-grade inflammation within atherosclerosis throughout the arterial tree, contributes to the risk of cardiovascular events. 1 Our findings are consistent with this hypothesis; although because of its observational design and absence of systematic measures of atherosclerosis, our study cannot shed light on the source of hsCRP.
Relatively few studies have examined hsCRP as a risk factor for ischemic stroke, and the majority of these have focused on first stroke. 2, [34] [35] [36] [37] [38] In the prospective Northern Manhattan Study (NOMAS), hsCRP predicted MI and death, but not first ischemic stroke, after adjusting for potential confounders. 38 In a large individual participant meta-analysis of 54 prospective cohort studies (n=160 309), the risk ratio of ischemic stroke per SD increase in log e CRP was 1.44 (95% CI, 1.32-1.57) after adjusting for age and sex, but was attenuated to 1.27 (95% CI, 1.15-1.40) when further adjusting for other risk factors. 39 Nonvascular mortality, including cancer, was increased significantly and by a greater magnitude in these analyses (adjusted risk ratio, 1.54; 95% CI, 1.40-1.68), providing some evidence that elevated CRP may more generally be a marker of illness rather than of vascular disease risk alone.
Until the present study, most studies of hsCRP as a risk marker after stroke included small selected samples, often from single centers, and with limited duration of follow-up; most also focused on mortality alone or on combined vascular events, and they incompletely adjusted for other predictors of outcome. In 1 study, hsCRP levels ≥10.1 mg/L measured <72 hours of stroke predicted increased mortality >4 years. 31 In another study, patients in the highest quintile of hsCRP levels assessed ≥3 months after first ischemic stroke or transient 
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ischemic attack attributable to large vessel stenosis had a significantly increased risk of subsequent stroke or MI. 40 In a population-based follow-up study after first ischemic stroke of all etiologic subtypes in which several outcomes were assessed, hsCRP measured predominantly within the first 72 hours after stroke was associated with increased risk of mortality during the next 5 years after adjusting for confounding factors. 41 There was no increased risk of recurrent stroke alone, nor of the combined outcome of stroke and other vascular events. hsCRP in that study, moreover, was significantly associated with stroke severity, a major predictor of poststroke mortality.
There have been few multicenter studies addressing hsCRP after stroke. In a secondary nested case-control analysis of stored blood specimens from the Perindopril Protection Against Recurrent Stroke Study (PROGRESS), a multicenter secondary stroke prevention trial, those in the highest tertile of CRP had Model 1, unadjusted; model 2, adjusted for demographics (age, sex, race, and region); model 3, adjusted for demographics (age, sex, race, and region) and comorbidities (hypertension, smoking, history of ischemic stroke, diabetes mellitus, body mass index, and low-density and high-density lipoproteins); and model 4, adjusted for demographics (age, sex, race, and region), comorbidities (hypertension, smoking, history of ischemic stroke, diabetes mellitus, body mass index, and lowdensity and high-density lipoprotein), and statin use at baseline. CI indicates confidence interval; and HR, hazard ratio. Model 1, unadjusted; model 2, adjusted for demographics (age, sex, race, and region); model 3, adjusted for demographics (age, sex, race, and region) and comorbidities (hypertension, smoking, history of ischemic stroke, diabetes mellitus, body mass index, and low-density and high-density lipoproteins); and model 4, adjusted for demographics (age, sex, race, and region), comorbidities (hypertension, smoking, history of ischemic stroke, diabetes mellitus, body mass index, and lowdensity and high-density lipoprotein), and statin use at baseline. CI indicates confidence interval; and HR, hazard ratio.
a modestly increased risk of recurrent ischemic stroke (odds ratio, 1.39; 95% CI, 1.05-1.85). 42 Results were not, however, fully adjusted for all risk factors, including diabetes mellitus.
The present study differs from these other studies in including only patients with lacunar stroke and in collecting hsCRP measurements at a much longer time interval after stroke (median, 60 days), at a time when they are less likely to be merely reflective of stroke severity. Studies such as NOMAS with access to samples both before and after stroke have shown that hsCRP is elevated acutely after stroke. 43 Taken together, these data may be interpreted to indicate that among patients with smaller infarcts, in whom the levels of hsCRP are not as confounded by stroke severity and in whom hsCRP is measured after the acute phase reaction to stroke has diminished, hsCRP has a prognostic value for recurrent vascular events, including stroke.
The treatment implications of elevations in hsCRP at the time of stroke remain uncertain. In particular, hsCRP levels did not predict a response to dual antiplatelet therapy, although 1 prespecified hypothesis of the study was that dual antiplatelet therapy would be of greater benefit in those who had elevations in hsCRP. Recent results from a large primary prevention trial using rosuvastatin provide indirect evidence of the utility of measuring hsCRP as a determinant of whether to initiate statin therapy in otherwise low-risk patients. 44 However, the relevance of this finding to patients with stroke is unclear. In the present study, the effect of hsCRP on the risk of recurrent stroke and other events persisted after adjusting for statin use and was not influenced by statin use at baseline. Statin use was not randomized, however, and was left to the discretion of the treating physician, although the majority of patients were treated with a statin. Future studies will be needed to determine whether other specific therapies should be used in stroke patients with elevated hsCRP. The present study provides some evidence, however, that hsCRP may be useful as a prognostic marker for potential risk stratification in future trials.
Our study has several strengths. One major strength of LIMITS is its international multicenter design with a central laboratory, thereby minimizing interlaboratory error. We also had a race-ethnically diverse population, including a significant proportion of Hispanics who have been traditionally understudied in stroke trials. 45 In addition, we were able to assess the role of hsCRP in relation to a specific stroke subtype using a welldefined population of MRI-proven lacunar strokes, thereby limiting some confounding because of stroke size, cause, and severity. Third, by nesting LIMITS within a secondary prevention trial, we were able to address interactions of treatment effect and hsCRP level. Future analyses will allow us to determine the effect of both antihypertensive and antiplatelet therapies on hsCRP levels, as well as the association of hsCRP with other outcomes, including cognition, collected in SPS3.
Our study had some limitations as well. The nesting of LIMITS within SPS3 may have led to selection bias because of the inclusion and exclusion criteria inherent in a clinical trial. Because our study was nested, we also had limited data about chronic inflammatory diseases or clinical infections. However, the proportion of patients with clinically apparent conditions is likely to be low. Rates of infection at the time of stroke range from 6% to 25%, depending upon the population studied and methods used to detect infection. [46] [47] [48] [49] The likelihood of infection at the time of stroke is related to stroke severity. 50 Also, higher rates of infection were seen in population-based studies than in secondary analyses of clinical trials, probably because patients in clinical trials tend to have fewer comorbidities. Patients with permanently disabling strokes were excluded from SPS3, and most patients were likely to be enrolled at a time after acute infections were likely to have resolved. 
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In conclusion, LIMITS provides evidence that hsCRP levels measured in the subacute phase after recent lacunar stroke predict the risk of recurrent stroke and other vascular events, although they do not predict the response to dual antiplatelet therapy. Future studies of this cohort may elucidate whether hsCRP predicts cognitive change after lacunar stroke, and whether hsCRP may be used to stratify patients in future clinical trials.
